Spectator model decay rates are predicted for inclusive semileptonic decays of the A* baryon and the B meson, in the limit of a very heavy b quark, in lowest order of perturbative QCD. For charmless final states the result is only achieved in a short distance limit, sharing similarities with the deep inelastic scattering situation, and allowing for a parton model interpretation.
Introduction
Processes involving particles containing heavy quarks, like the b quark, are at present of great interest from both the theoretical and the experimental point of PI view. Experimentally, there are prospects for detailed study of such processes .
And theoretically, Isgur and Wise"' have recently shown that the analysis of these processes greatly simplifies in the formal limit of Mb + co. This occurs because in this limit the heavy quark and the heavy hadron containing it become cannonballs: once set into motion, their velocity is difficult to change. Only perturbative processes such as hard gluon emission or an electroweak interaction can effectively modify the velocity. Therefore the velocity becomes a good quantum number as far as nonperturbative aspects of QCD are concernedL3]. The physics of a semileptonic process in such a scenario is quite simple: the heavy quark acts as a static source of colour, quite analogous to the way the charged nucleus, heavy compared to the electron mass, acts as a source of static electric field in atomic physics. If, by the action of an electroweak current, the heavy quark turns into another heavy quark of a different flavour without change of velocity, it will not make a difference for the light degrees of freedom because the strong interactions are blind to flavour labels:
the new heavy quark simply replaces its predecessor. Also, the spin of the heavy quark decouples from the dynamics: the hyperfine, magnetic interaction scales as M-'. The hyperfine splitting thus vanishes in this limit, and the pseudoscalar B and the vector B' mesons become degenerate in mass. Thus in the Mb, M, t 00 limit, the heavy-quark velocities become good quantum numbers, and there is a new spin-flavour symmetry as well.
The original applications of the Isgur-Wise method were for "elastic" form factors, such as occur in exclusive decays like B -+ Dlfi. The emphasis in this paper, however, is to apply these techniques to inclusive decay processes. The goal is to find sum rules for the structure functions that describe the inclusive decay properties, in particular the rates differential only in the dilepton mass and the total ma.ss of the final hadronic sta.te.
It turns out that baryon semileptonic decays to charm are the simplest to discuss. This occurs because the dynamics of the spectator diquark system, which is spinless in this case, is especially simple. Since in the infinite-mass limit the dynamics of the heavy-quark system becomes trivial (that of free fields), and decouples from the spectator-system dynamics, there are no complications of spin which enter the picture.
As discussed in more detail in Section 2, for any final state, no matter how complicated, the spin correlations between Ab and A, are expected to be the same as for the underlying quarks b and c; the spectator system is uncorrelated with these spin degrees of freedom. Since the structure of each matrix element is simple and known, this is also true for the inclusive sum. Therefore, the basic structure of the differential inclusive width is the total inclusive sum is the same as the total inclusive sum at the quark level.
We derive this sum rule in the next section using old-fashioned current algebra techniques14'. However, before doing this we discuss the underlying physical ideas, which are analogous to the old quantum-mechanics problem of the fate of an atom when its nucleus is suddenly accelerated and moves off with some velocity. Our sum rule just expresses unitarity: the probabilities of finding the atom in ground plus excited states have to sum to unity. Important in any sum rule is the estimate of when it converges. In this case we start with Ab, say, at rest, and end with A, (and the c-quark residing therein) moving off with velocity V, which may or may not be relativistic. The spectator diquark system must respond. If the velocity v is very low, the probability of excitation of the diquark system will be very small and the elastic channel will dominate. For large V, the fastest emitted particle will have on average its velocity v (better, its Lorentz y) comparable to that of the c quark. In practice, such as B + D, D* + X + I+ V, the maximum value of 7 = V.V' allowed kinematically is about 1.6, so that excitations of half a Gev or so can be expected, along with a corresponding depletion of the elastic contribution.
For charmless semileptonic decays, there are significant modifications to this picture. First of all the b quark imparts its spin to the light quark, so there are more complications of spin in the inclusive sums. In particular for the baryon decays there are now two structure functions and for meson decays six. In addition,
we only find sum rules in the "deep inelastic" limit, when the energy release (in the parent rest frame) W.V is large compared to the natural QCD mass scale of a few hundred Mev. (Of course, we must still limit our consideration to these variables small compared to the heavy-quark masses, at least formally.) At the parton level what is happening is that the b quark decays into a low mass quark of large momentum Ic. The scale of the invariants is then W2 = (k + ps,ow12 = 2k.pslow
with pslow7 the four-momentum of the spectator system, expected to be not large in the rest frame of the parent. We also see that the scaling variable z
has the interpretation of the value of the light cone variable (E -pll)slow of the spectator system as measured relative to the direction of the outgoing fast quark of momentum k. We shall find a parton model interpretation for what the sum rules express. First of all, in the scaling limit, the differential width takes the form
where for free fields
The sum rule is
which reveals the structure function in the scaling limit as just the probability of the spectator system to have a given value of x:
Again there is a question of convergence of the sum rule, which is easily answered, given the scaling picture: all the dependence on W2 and W.v comes through the combination 2, and the sum rule converges for x of order unity. This is quite consistent with the expectation that large values of (E -pll)slow are rare.
Only one form factor appears to survive in the scaling limit (for baryon decays); this appears to be analogous to the vanishing of the longitudinal/transverse ratio in conventional deep inelastic phenomena, although there is considerable room for more study of this point. where q and W are the four-momenta of the dilepton system and the hadron system, respectively. We find
In the "free-field" limit of no form factors and no excitations of inelastic final states we would simply have
implying that dI'o/dq2 is essentially just the spectator-model differential width.
In the infinite-mass limit there is additional simplification. We expect for finite v and v' that the excitation energy of hadrons remains finite, i.e.
with E bounded. Then
with this time dJTo/dq2 really just the spectator-model expression in the limit. This occurs because the dependence on the final state X in Eqn. (2.5) only appears in the delta-function and in o' = w&?x x 5. Px can be safely dropped relative to the other momenta P and q which tend to infinity.
We therefore are led to define the invariant structure function
It is clear that were there a sum rule for it cxl Co However, the main thrust of this paper has to do with charmless final states.
In this case the matrix elements are not quite as simple. Their form in the infinite mass limit is as follows:
The information on the final state is in the spinor variable +, because the final light quark system now has spin l/2.
We may again try to construct a structure function for inclusive processes analogous to that in Eqn.(2.9). H owever this time it transforms as a Dirac matrix: This form will be useful in the interpretation of the sum rules found in Section 4.
Before continuing, however, we mention that it is in principle possible to sep- 
Sum Rules for Semileptonic Baryon Decay into Charm
In the preceding section we have already conjectured the existence of a sum rule for the inclusive structure function w defined in Eqn.(2.10).
It is now time to derive it161. To do this we revert to ancient techniques of current algebra. We In addition to A,X, the first term also picks up a contribution from the inclusive DY channel; in the limit of Isgur and Wise its amplitude has the following structure
where 
and similarly for Py. Thus
The invariant function w now includes the contribution from both the A,X and the DY channels; w reads This parabola is shown in Fig. 2 . So everything in the first term of the commutator except the spinor product has essentially the necessary form for the desired sum rule. Since the spinor product has the same structure as for free fields, and the sum rule is true for free fields, we can already anticipate that things will work out satisfactorily. But for free fields the second term in the commutator does contribute.
The second term has to do with z-graph contributions, as illustrated in Fig. 3 . .7)).
Important
here is the fact that the spinor structure is just that of free fields, while the remainder again is fixed by invariance considerations. We should also emphasize that, unlike the free-field case, the matrix element can be connected due to gluon exchanges; nothing in what follows is sensitive to that feature.
We also mention that we are neglecting the "vacuum polarization" contributions (Fig. S) ,(which 1 a so may be connected) because they appear to produce self-cancelling contributions.
However, there may be more to learn from a careful study of these contributions.
The z-graph contributions can again be expected to contribute for W2 ;2 Mi2, near the free field locale. And again qualitative arguments as given in Section 1 easily show that the reflection of the shaded region around the horizontal axis is where the z-graph sum should saturate.
With this inference, we are ready to combine the two pieces, obtaining
Here we carefully display the spinor-product factors, insensitive to the value of e and observe there are, for general C, two independent kinematical structures.
Therefore the coefficient of each satisfies a sum rule, leading to but of course small compared to the heavy-quark mass M. This is a short-distance, parton-model limit, and we shall find many similarities with the corresponding situation in the classical case of deep-inelastic scattering.
We begin as in the previous section with the expression for the equal time commutator of currents, with the c-quark replaced, for simplicity here, with an s-quark*.
The procedure is then completely analogous to the previous case, until we reach Eqn. The kinematic analysis for the z-graph term again follows similar lines, so that the expression for the sum rules becomes, in hopefully self-evident notation,
with w = P -q = -Px; therefore I&'0 5 0. It is useful to check that for free fields, the sum rule works. Recalling the free-field limit for @, Eqn. (2.14) , we have We are now ready to insert these expressions into the sum rule Eqn (4.2). We need to change integration variables from qo to W2; the connection is Go = -dWo = -dW2 2 I w, I
We then have This is the main result of this section.
Let us now show that 'p2 vanishes in the limit, and that 'pr is positive definite.
This follows from the structure of Q as defined in Eqn. (4.18) and the spectator form for dI'/dq2 is apparent.
It is worth mentioning that in the scaling limit , W.v > A, the form factor y1 is expected to be negligible for small W 2, W2 2 A2, because only a few exclusive channels are available. This is also the case for all form factors of Section 7, which describe semileptonic B decay into uncharmed final states.
The Formalism for the Meson Decays
The original Isgur-Wise development was applied to relate "elastic" form fac- 
The structure of p is dictated by the strong interactions which are parity conserving.
After appropriate averaging over the final states X, as in (3.8), one has
where w can be written as
The structure of the differential decay rate is the same as for the Ab decay
There is also a sum rule for W(E, v.v'), and the "free" spectator decay rate emerges again for the inclusive process. The next section is devoted to this subject.
The last case to consider is semileptonic B" decay with charmless final states. For the case of charmless final states, this result only holds in a "scaling" limit when W.v, the energy release to hadrons in the parent rest frame is large.
Even in the Isgur-Wise limit, most of the uncharmed processes we have con- The variable z was interpreted as the value of (E-Q) of the spectator-quark system in the rest frame of the parent, with the z axis chosen along the direction of the dilepton recoil. An important issue is the determination not only of the area under the curve f(x) (th is is given by the sumrule), but also the shape. Were the shape under control, reasonable estimates of exclusive decays, e.g. the experimentally important ones B + rlv or plv, would be within reach using the idea of semilocal duality. However, such considerations lie outside the scope of this paper.
Another important issue beyond the scope of this paper is the role of perturbative-QCD corrections. Unlike the previous problem, this one appears to be accessible theoretically.
We also mention that there exist other applications of this sum rule approach.
A notable one, now under consideration"', is the class of Penguin-induced decays which are controlled by the subprocesses b t sy and/or b + sl+Z-.
APPENDIX A
This appendix is devoted to some expressions that have been used to deal with products of traces of Dirac matrices and to re-shuffle the matrices inside the traces.
The following expression has been used as the basis for them all: We also have
FIGURE CAPTIONS
1) The inlusive semileptonic decay of the Ab baryon into charm.
2) Parabolas of fixed qo: each one is labeled by I I$' 1' and 7 (we consider a.@ = 0). The shaded region is the important physical one, where the sumrule converges.
3) a) Direct graph. b) z-graph. c) Vacuum polarization. 
